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M., S. V. Thacker, and S. K. Fried. Effects of cell density on in vitro glucose metabolism by isolated adipocytes. Am. J. Physiol. 264 (Endocrinol.
Metab. 27): E361-E366, 1993.--e studied the effect of variable isolated fat cell concentrations (from 0.17 to 1.25 x 10G cells/ml) on rate and pattern of basal and insulin-stimulated glucose metabolism by rat epididymal fat cells. Cell concentration did not affect total glucose utilization, but high cell concentrations increased the absolute and relative conversion of glucose to CO, and glyceride-fatty acids by two-to threefold and decreased the conversion to lactate, pyruvate, and glyceride-glycerol when compared with values observed at low cell concentration.
When effects of adenosine deaminase (ADA) and N-6(2-phenylisopropyl)adenosine (PIA) were examined, addition of ADA to incubated cells produced no significant changes in the rate or pattern of adipocyte glucose metabolism; PIA had a slight and uniform effect on the conversion of glucose to its metabolic products and minimal effect on insulin-stimulated glucose metabolism. Medium free fatty acid concentration did not change during the incubation at various cell density, but intracellular free fatty acids were found to be inversely related to fat cell density in the medium. Thus a variable fat cell density influences the pattern of adipocyte glucose metabolism in vitro. This effect may be due to variable rates of lipolysis and resulting changes in intracellular fatty acid concentration rather than to adenosine per se. This work has practical implications in the need to define cell density when carrying out in vitro measurements of adipocyte glucose conversion to products. adipocyte; lactate production; insulin effect; adenosine OF THE MANY EXPERIMENTAL variables that influence the in vitro metabolism of tissue cells in general, and adipocytes in particular, cell density in the incubation medium is an important one. For example, Schwabe et al. (23) demonstrated that the rate of lipolysis per cell is markedly diminished by incubating isolated adipocytes at high cell concentrations.
This effect was considered "insulin like" in view of the known antilipolytic effect of insulin and was attributed to adenosine, a nucleotide product released into the media during fat cell incubation (24, 25) . Adenosine is also known to affect glucose metabolism by stimulating glucose oxidation and fatty acid synthesis (25) . In addition, we reported previously that adenosine release from isolated adipocytes is inversely proportional to the cell density in the medium and is influenced by the cell size (2).
Our laboratory has observed marked changes in the pattern of glucose metabolism (i.e., the relative proportion of the glucose recovered into C02, glyceride-glycerol, glyceride-fatty acids, and more recently lactate and pyruvate) occurring with variable glucose and insulin concentrations, different adipocyte sizes, and nutritional states (3, 4, 10, 19, 20, 26) . However, the effect of varying fat cell density in the incubation medium on the rate and pattern of glucose metabolism is not known. The purpose of these experiments was to examine the effects of variable cell density on the in vitro rate and pattern of glucose metabolism by adipocytes isolated from %mo-old ad libitum-fed rats. In an attempt to clarify the mechanism(s) of the cell density effect on glucose metabolism, cells were also incubated with adenosine deaminase and N-6(2-phenylisopropyl)adenosine (PIA), a nonmetabolizable analogue of adenosine. Extracellular and intracellular free fatty acids were also measured. Animals. Male Wistar rats (loo-125 g) were purchased from Charles River Laboratories (Kingston, NY), kept in wire mesh cages in a temperature-controlled room (22°C) with a 12:12-h light-dark cycle, and fed Purina Laboratory Chow and water ad libitum. On experimental days the animals (weighing 210-250 g) were killed b y cervical dislocation or guillotine decapitation between 0900 and 1100 h. Preparation of isolated adipocytes. The epididymal fat pads from 4-8 rats were pooled, and fat cells were isolated after digestion with collagenase by a modification (5) of the method of Rodbell (22) . The pads were minced with scissors and incubated for -45 min at 37°C with collagenase (1.5 mg/ml), in Krebs-Ringer bicarbonate buffer with 4% BSA (KRB-BSA) at pH 7.4. After digestion, the tissue was filtered through a 250~pm nylon screen, and the isolated cells were washed three times with fresh buffer by allowing the cells to separate by flotation and by aspirating the infranatant buffer. Washed adipocytes were resuspended in fresh KRB-BSA.
The concentrated cell suspension was gently swirled to evenly suspend the cells, and aliquots were distributed to additional flasks containing appropriate amounts of buffer in a manner calculated to yield the desired number of cells and ratios of the final cell concentrations (ratio 1:2:4:8).
Glucose metabolism studies. Cells from each of the four suspensions were incubated in a final volume of 1 ml KRB-BSA containing 0. marked changes were seen in the pattern of glucose meRadioactivity in C02, glyceride-glycerol, and glyceride-fatty tabolism to the individual products with increasing cell acids was recovered and measured as previously described (4). concentrations (see Fig. 1 ). In the basal state ( Fig. 1, top ), Lactate and pyruvate released into the media were measured increasing cell concentration resulted in increased conenzymatically (18), and assays were performed within 7 days of version of glucose to CO2 and glyceride-fatty acids. Howthe experiment. Fat cell size and number were determined ac-ever, production of the triose metabolites of glucose (i.e., bottom). In Table 1 the effects of cell concentration are Effects of PIA on glucose metabolism. Epididymal adipocytes shown on the relative conversion of glucose to products.
(mean volume 93 pl) were isolated as described above. After Both de novo fatty acid synthesis and glucose oxidation washing, cells (mean cell density 0.620 X lo6 cells/ml) were accounted for >70% of all glucose metabolized at high cell incubated for 60 min with 6 mM glucose in the presence and absence of [U-14C]glucose and 1 mu/ml insulin. Adenosine deaminase, 1 U/ml, was present in all flasks and, where appropriate, PIA was added at concentrations of low8 or 10B6 M.
l-8 Glucose conversion to C02, glyceride-glycerol, glyceride-fatty acids, and lactate were determined, and results were expressed as micromoles glucose metabolized to product by lo7 fat cells during 60 min of incubation. isolated fat cell suspensions at the beginning (1 min) and at the 8: end of a l-h incubation in the presence of glucose (6 mM Data are means t SE of results from 8 experiments with duplicate or triplicate incubations. Total glucose metabolism, sum of pmol glucose converted to CO, + glyceride-fatty acids + glyceride-glycerol + lactate + pyruvate by lo7 fat cells in 90 min of incubation; insulin stimulated, in presence of 1 mu/ml insulin; % total glucose metabolism, sum of pmol glucose converted to product by lo7 fat cells in 90 min of incubation/total glucose metabolized x 100. Values for basal or insulin-stimulated metabolism in same row without superscripts in common differ significantly density. This was reduced sharply to 30% in cells incusignificantly affected by changing cell concentration or by bated at the lowest cell density. At the highest cell con-the presence of adenosine deaminase. In the basal state, centration the triose metabolites accounted for only 2% when cells were incubated with adenosine deaminase, 29% of total glucose metabolism but increased to 60-70% there was a slight decrease in total glucose metabolism, of total at the lowest cell concentration.
Lactate com-which did not reach statistical significance. This trend prised 45% of total glucose metabolized at cell concen-was due to a decrease in glucose conversion to all of the trations ~300,000 cells/ml, confirming previous findings products (except glyceride-glycerol at high cell concentrafrom our laboratory (3, 19, 20, 26) . As the cell concentrations). When cells were incubated with insulin, adenosine tion decreased below this level, the relative amount of deaminase had no effect on any aspect of glucose metabglucose converted to lactate per cell increased sharply, olism measured. A trend toward slightly reduced insulinespecially when cells were incubated in the presence of stimulated total glucose metabolism at high cell conceninsulin. Likewise, the amount of glucose converted to tration, compared with low, was seen independently of pyruvate increased significantly at low cell concentrathe presence of adenosine deaminase, but, again, this did tions (up to 14% of total). This is of particular interest not reach statistical significance. The presence of adensince pyruvate is a minor product of glucose metabolism osine deaminase also did not alter the effect of cell conat higher cell concentrations (~5% of total) and has not centration on the pattern of glucose metabolism, which been measured routinely in studies of adipocyte glucose remained similar to that shown in Fig. 1 . Thus the metabolism.
changes observed with variation of cell density in vitro Effects of adenosine deaminase on glucose metabolism. did not appear to depend on the presence of adenosine. To determine if changes observed in the pattern of Effects of HA on glucose metabolism. To further invesglucose metabolism with increasing cell concentration tigate whether the effects of cell density on rate and patwere due to the accumulation of adenosine in the media, tern of glucose metabolism demonstrated here were due to cells at high and low concentration were incubated in the adenosine, we investigated the effects of increasing conpresence and absence of adenosine deaminase. In Fig. 2 , centrations of PIA, an adenosine receptor agonist, on results from incubations with low and high cell concenboth basal and insulin-stimulated glucose metabolism in trations (0.150 t 0.016 and 1.068 t 0.088 cells/ml, re-the presence of adenosine deaminase. When cells were spectively) in the absence of adenosine deaminase are incubated with a concentration of PIA (lo-" M) known compared with data from parallel incubations in the pres-to maximally inhibit adenosine deaminase-stimulated lience of 1 U/ml adenosine deaminase. Cells were incupolysis (S. K. Fried, unpublished observations), there was bated in the basal state or in the presence of 1 mu/ml either no effect or a moderate increase in basal glucose insulin. Data show that total glucose metabolism was not metabolism to the major products measured ( 
E364 FAT CELL DENSITY AND GLUCOSE METABOLISM
This pattern of glucose metabolism is different from the pattern produced by increasing cell concentration (i.e., an increase in glucose conversion to CO2 and fatty acids but with a concomitant decrease in the nonoxidative products of glucose metabolism). In addition, as expected, PIA had only a minimal effect when cells were incubated in the presence of a concentration of insulin that maximally stimulates glucose metabolism.
Measurement of medium and intracellular free fatty acids in incubations with variable fat cell density. To determine if the accumulation of free fatty acids in the medium or in the cells could explain the effects of high cell density on the pattern of glucose metabolism, we measured the medium and intracellular free fatty acids in separate incubations of adipocytes at three cell concentrations in the presence of 6 mM glucose. Table 3 shows that the medium free fatty acid concentration per milliliter of medium does not vary with cell density; when expressed per lo6 fat cells, however, the medium FFA concentration is six to eight times higher at the lower fat cell density, reflecting the higher rate of lipolysis per cell (25) . Of interest was the markedly elevated intracellular concentration of free fatty acids seen at the lower fat cell concentrations. The intracellular free fatty acid concentration appeared to be inversely related to the cell density, and the values were stable at 1 and 60 min.
The rapid change after distribution of the fat cells into fresh albumin-containing medium probably reflects reequilibration of both intracellular and extracellular free fatty acids and acute adjustments in the cellular rate of lipolysis. experiments with triplicate observations and are expressed as pmol glucose converted to product by lo7 fat cells in 60 min of incubation. PIA, N-6(2-phenylisopropyl)adenosine.
Adenosine deaminase was present at concentration of 1 U/ml. Cell density was 0.620 x lo6 fat cells/ml.
When the medium free fatty acid concentration at 60 min was compared with that at 1 min, the lower values at 60 min probably reflect active free fatty acid reesterification by the cells, which is known to occur during lipolysis in the presence of 6 mM glucose in the medium. DISCUSSION These studies demonstrate that the concentration of isolated adipocytes, at which in vitro metabolic incubations are carried out, has a significant effect on the pattern of glucose metabolism, even though the rate of total glucose metabolism is unchanged. High cell concentrations result in an increase in oxidative glucose metabolism per cell (glyceride-fatty acid and CO2 production) and a decrease in nonoxidative glucose metabolism (glyceride-glycerol, lactate, and pyruvate production). We have previously shown that the nutritional state of the donor animal determines the pattern of adipocyte glucose metabolism at a stable in vitro cell concentration (19,2O, 26) . Fasting of donor animals results in an altered pattern of glucose metabolism, i.e., decreased glucose oxidation and fatty acid synthesis, unchanged conversion of glucose to glyceride-glycerol and pyruvate, and a marked increase in lactate production. In this respect, lowering the cell concentration in vitro results in changes in the pattern of glucose metabolism that are similar to those produced by nutritional deprivation in vivo (13, 19, 20, 26) . Low fat cell concentration, like fasting, is known to foster lipolysis (23), which is known to affect the pattern of glucose metabolism (6, 17) .
Two aspects of this work deserve consideration. The first relates to the practical consequences of incubating isolated adipocytes at different cell density in the incubation medium. Different laboratories have reported results from incubations that vary from 30 x lo3 cells/ml buffer to as high as l-2 X lo6 cells/ml. In general, incubations used for the measurement of lipolytic rate are carried out with <l X lo5 cells/ml to avoid the suppressive effect on lipolysis by higher cell density reported by Schwabe et al. (23) . For measurements of glucose metabolism, incubations are usually carried out at higher cell density (1 x lo5 to 30 X lo5 cells/ml; see Refs. 3, 4, [12] [13] [14] [15] ). An understanding of the effect of cell density on the pattern of glucose metabolism may help one to understand some of the reported discrepancies among laboratories and also allow a better comparison between adipose regions within the same species and among different animal species.
The second aspect of this work relates to exploration of (FC) were incubated at 37OC in 6 mM glucose and 4% Krebs-Ringer bicarbonate-bovine serum albumin buffer, pH 7.4, for 1 and 60 min. For each column (at 1 and 60 min), values without superscripts in common were significantly different (P < 0.05). the possible mechanisms underlying the changes in the pattern of glucose metabolism brought about by variation in fat cell density during the incubation. The explanation that higher levels of adenosine, released in greater amounts by cells incubated at higher concentration, may be responsible for the changes observed does not seem likely for the following reasons. 1) Incubation of fat cells at high concentrations leads to suppression of adenosine release per cell and to a decline in medium adenosine concentration (2). 2) Increasing cell density had similar metabolic effects whether cells were incubated in the presence or absence of insulin. A number of investigators have shown that adenosine causes minimal stimulation of lipogenesis and CO, production under these conditions (8, 9, 11, 21, 27) . 3) When cells at the lowest and highest concentrations studied were incubated in the presence of adenosine deaminase, only minimal and statistically nonsignificant changes were observed in basal glucose metabolism and in insulin-stimulated metabolism. 4) The addition of PIA, a nonmetabolizable analogue of adenosine, at relatively high concentrations resulted in either no change or a moderate increase in total basal glucose metabolism due to an increase in all of the metabolic products of glucose. This effect of PIA is different from that seen with increasing cell concentration. In addition, PIA had almost no effect on insulin-stimulated glucose metabolism. Wong and Ooi (27) speculated that insulin and adenosine act through similar mechanisms and that their effects are not additive when glucose metabolism is maximally stimulated. Because the effect of cell concentration on glucose metabolism is not ablated by the addition of adenosine deaminase, nor mimicked by the addition of increasing concentrations of PIA, the effect of cell concentration does not appear to be mediated via the accumulation of adenosine in the media.
Having excluded adenosine as a possible accumulated product to influence the pattern of glucose metabolism in vitro, we turned our attention to the medium and IFFA. The lack of accumulation of free fatty acids in the medium with increasing cell concentration is consonant with the findings of Schwabe et al. (23) , indicating a reduced rate of lipolysis per cell. The changing IFFA concentration, however, was an unexpected finding and could explain the observed alterations in the pattern of glucose metabolism. A high IFFA concentration, as is seen at low fat cell concentration when lipolysis per cell is enhanced, could suppress fatty acid synthesis and COB production. In this situation, glucose entering the cells would be directed toward the formation of triose intermediates, pyruvate, lactate, and glyceride-glycerol. A further pull of glucose to a-glycerophosphate formation (and thus glyceride-glycerol) would be contributed to by the high rate of lipolysis and consequent reesterification seen at low fat cell concentration.
As the cell concentration increases and as the lipolytic rate per cell declines, a lower IFFA concentration allows more glucose conversion to fatty acids and CO2 with consequent diminution of the conversion of glucose to pyruvate, lactate, and glycerol and diminished need for a-glycerophosphate production due to reduced free fatty acid reesterification.
However, factors in addition to free fatty acid availability could be involved in altering the pattern of glucose metabolism because adenosine deaminase, which stimulated lipolysis at high cell concentrations, did not increase glycerideglycerol synthesis.
The present studies are, to our knowledge, the first instance of reported alterations in the pattern of glucose metabolism produced by the variation in cell density. We have provided evidence to indicate that adenosine accumulation is probably not involved in these changes and that intracellular FFA may mediate the observed shift in the oxidative and nonoxidative pathways of glucose metabolism.
This work clarifies the interdependence of lipolysis and glucose metabolism by linking together observations of cell density and lipolysis with reported changes in glucose metabolism. It may also clarify some of the discrepancies seen in studies of glucose metabolism in different laboratories in which cell concentration was not strictly controlled. In future studies, it will be important to better define the medium adipocyte concentration to make more meaningful comparisons of cellular metabolic behavior. 
